ABSTRACT. In a resource constrained world, the quest for finding alternative energy sources 13 such as bioenergy is imperative. For sustainability's sake, the establishment of bioenergy 14 production can no longer overlook the importance of the interactions between ecosystem and 15 technological processes, as they must be coupled symbiotically in order to preserve ecosystem 16 functions that provide energy and other goods and services to the human being. In this paper, a 17 bioenergy production system based on heathland biomass is investigated with the aim to explore 18 how a system dynamics approach can help to analyse the impact of bioenergy production on 19 ecosystem dynamics and services and vice versa. The effect of biomass harvesting on the 20 heathland dynamics, ecosystem services such as biomass production and carbon capture, and its 21 capacity to balance nitrogen inputs from atmospheric deposition and nitrogen recycling were 22
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analysed. Harvesting was found to be beneficial for the maintenance of the heathland ecosystem 23 if biomass cut fraction is higher than 0.2 but lower than 0.6, but this will depend on the specific 24 conditions of nitrogen deposition and nitrogen recycling. When a nitrogen recycle stream was 25 introduced in the system, biomass production was increased by up to 25% for a cut fraction of 26 0.4 and 95% N recycle, but at the expense of higher nitrogen accumulation and the system being 27 less capable to withstand high atmospheric nitrogen deposition. 28
Introduction

29
The ever increasing world population and the aspiration for higher standards of living have 30 imposed a grand challenge for our society: whilst demands for food, material goods and energy 31 increase, the ecosystems that provide the resources to meet such demands are being weakened 1 . 32
Engineering research is required to seek new ways to couple ecosystem and technological 33 processes in order to establish symbiosis that enhances resource efficiency and preserves 34 ecosystem functions 2 . Within a production system situated in a specific (local) ecosystem, this 35  The trends of nitrogen accumulation rates and ecosystem services such as biomass 80 harvest rate and carbon capture rate 81  The response of the system to increased atmospheric nitrogen deposition. 82
System modelling
83
A schematic diagram of the components, processes, flows, and states of the system analysed in 84 this work is shown in Figure 1 . The system comprises the air component, the heathland 85 component, and the energy production component. The main stocks or 'states' are the standing 86 biomass and the nitrogen and carbon stocks. The centre of the system is the heathland ecosystem 87
and it is where most of the processes and flows are contained. The main biological species in the 88 heathland biomass are heather and grass which compete for resources such as land and nutrients. 89
The effect of energy production component on the heathland will depend on the biomass 90 conversion technology (e.g. anaerobic digestion, direct combustion, gasification). In this work, 91 anaerobic digestion is considered, which potentially allows for the recovery and recycling of 92 nutrients (including particularly nitrogen) through its digestate stream. The recycling of nitrogen 93 to the heathland and biomass harvesting from the heathland will affect the capacity of the system 94 to retain the dominance of the heather species, while the energy production from biomass is 95 attempted to be maximised. This compromise is analysed using the system model presented as 96
follows. Note that all the model parameters can be found in the Supplementary Information. 97 
100
The dynamics of the standing biomass state of species i can be expressed as: 101
where is the standing biomass of species i in the heathland, t is time, is the harvest rate, 102 is the mortality rate and is the biomass growth rate. A model for the net biomass growth, 103
is being used to simulate species growth of the heather Calluna vulgaris and the grass 104
Deschampia flexuosa
13 . The original model was transformed from a percentage land cover basis 105 to a biomass per unit of land basis. This is essentially a Lotka-Volterra model that captures the 106 effects of species competition and nitrogen availability on biomass growth 
ℎ,
where is the biomass of the heather species, kg ha is also a function of nitrogen available and can be calculated from: 119
is equal to 1 according to 13 . 120
Nitrogen availability and nitrogen balance in soil 121
The nitrogen available for plant growth at a certain point in time is the sum of the nitrogen 122 deposition, the nitrogen mineralised from plant litter in the soil and any external input such as 123 fertilisation or nutrient recycling: 124 The nitrogen flow from the soil due to mineralisation of nitrogen content in the plant litter can 129 be calculated from the mortality rate constant (which is proportional to the standing biomass), 130 the average nitrogen content and the fraction of organic nitrogen that is mineralised: 131 To calculate the net nitrogen uptake by the standing biomass, the net biomass growth rate is 148 multiplied by the nitrogen content: 149
The heathlands ecosystem services include maintenance of biodiversity, visual aesthetic, 150 biomass production and carbon capture among others 8, 12, 15, 16 . The biomass supply for energy 151 production and carbon fixation are modelled as follows. 152
Heathland ecosystem service: Biomass supply 153
Harvesting heathland biomass has been found feasible using mowers and other adapted 154 machineries such as the bio-baler consisting of mulcher and baler 15 . Successive annual 155 harvesting over the entire heathland is assumed. Cut fraction, representing the mass fraction of 156 the total biomass available at certain point in the heathland, is used as a parameter to capture the 157 effects of different harvesting rates. 158
The biomass harvesting rate is calculated from: 159
where is the harvested biomass yield of species i, kg ha
is the annual cut fraction, assumed to be the same for both plants, y −1
161
The total biomass flow rate supplied from the heathland ecosystem is calculated as: 162
where ℎ is the total harvested biomass flow rate kg y −1 163 ℎ is the harvested area, ha 164
Heathland ecosystem service: Carbon capture 165
The main carbon input to the heathland ecosystem is the CO2 that is fixed by growth. The output 166 flows include the carbon in harvested biomass and carbon losses from the soil stock to the 167 atmosphere. Carbon is captured by the ecosystem due to biomass growth and the carbon 168 accumulation in soil due to litter production. The carbon lost to the atmosphere is dependent on 169 the carbon stock in soil. The carbon balance in the soil can be written as: 170
where is the carbon fraction in the biomass, kg C kg It is recognised that there are various components to carbon losses but the model is at the 174 moment limited by data availability and does not distinguishes carbon species or lateral losses 175 through the fluvial system. This is an initial model used to illustrate the importance of analyzing 176 techno-ecological interactions but it can be extended to include factors or details not currently 177
represented. 178
The carbon capture rate by the heathland ecosystem can be calculated from: 179
which can be combined with equation 14 to give 180
where ( + ) = is the total carbon capture rate by the heathland ecosystem in the soil and 181 biomass prior to harvesting, kg ha −1 y −1 . 182
, is the fraction of biomass growth allocated to above-ground biomass of species i. Thus 183 ℎ, , is the total net growth from both above-ground and below-ground biomass. 184
Since the carbon fixed in the harvested biomass will be converted into CO2 after energy 185 production, the net carbon capture rate by the managed heathland ecosystem is: 186
In addition to carbon capture, carbon emission reduction due to the displacement of fossil fuels 187 by the use of biomass in energy production can be estimated, as shown in the Supporting 188
Information. 189
Energy production component
190
The biomass is assumed to be converted into heat and power as shown in 
The amount of nitrogen recycled is varied by introducing a recycling fraction ( ) as 210 parameter: 211
CHP production 212
The heat and energy production from CHP plant can be estimated from the following 213 equations 214 The model has been used to estimate the potential for bioenergy production and the effect on 223 the ecosystem maintenance and services of heathland areas around the Whitehill and Bordon 224 
233
The system was analysed with the current nitrogen deposition value at the locality of Whitehill 234 and Bordon as the only nitrogen input (shown in Table 1 ). Figure 2 shows the trends of the 235 standing and harvested biomass and nitrogen stock in soil for two different cut fractions. Figure  236 2a shows that with a cut fraction of 0.2 the heather initially dominates until heather biomass 237 reaches a maximum and then declines. The grass biomass increases steadily and eventually 238 becomes dominant. Under this regime, the heathland might become grassland in the long term. 239
The impact of biomass cutting in maintaining the ecosystem is shown in Figure 2b . Comparing 240 Figure 2a and Figure 2b , one can see that as cut fraction is increased from 0.2 to 0.4, the heather is 241 able to over compete grass and reach a steady state where it remains as the dominant species. 242
Furthermore, nitrogen stock in soil is also reduced. This is mainly because less biomass is left 243 standing and then less litter is produced whilst more nitrogen uptake is required for the standing 244 plus harvested biomass. It can be observed that the ratio between the heather and the grass 245 biomass is highly impacted by the cut fraction and thus the harvesting of the grass together with 246 the heather with a proper cut fraction helps to maintain the heathland. falling into a depleting regime. The ecosystem enters into a depleting regime when the biomass 257 harvest rate is greater than biomass growth, as shown for fcut > 0.6. This ecological limit set by 258 the ecosystem dynamics is to be observed by the technological process, so that its design exploits 259 the ecosystem service of biomass production in a sustainable manner. 260
Examining carbon capture by the heathland, Figure 3a shows that the optimal cut fraction for 261 this ecosystem service (fcut=0.25) is not necessarily the same as that which allows the highest 262 biomass harvest (fcut=0.4). Looking at the impact of cut fraction on the stocks, Figure 3b shows 263 that the highest standing heather biomass stock and the highest carbon stock coincides with the 264 highest carbon capture rate. At around fcut=0.25 the heather starts becoming dominant, which 265 produces a peak in carbon capture rate due to a peak in standing heather biomass. However, the 266 carbon capture rate then declines as cut fraction increases since lower biomass stock is left in the 267 heathland. The carbon capture rates combined with the avoided carbon emissions due to 268 displacement of equivalent amounts of energy production are also shown in Figure 3a . As it can 269 be observed, the reduction in carbon capture rate is compensated by the carbon avoidance due to 270 displacement of fossil-based energy by the biomass-derived energy. 271
Figure 3 272
The standing biomass at steady state (reached after more than 10 years) range from 6 to12 t 273 ha −1 , which is comparable to results from empirical studies for natural succession (around 8 t 274 ha −1 after 10 years) 11 , and for a field under burn management and similar N deposition level (10 t 275 ha −1 after 210 years) 10 , and for mowing management under similar N deposition (8-15 t ha −1 in 276 15-year cycle) 6 . 277
System with nitrogen recycle
278
To illustrate the effect of nitrogen recycle on biomass production, standing and harvested 279 biomass have been plotted in Figure 4 for a recycle of 50% of the nitrogen in the soft biomass. 280
The dynamic trends are similar to those without nitrogen recycle (Figure 2 ) but more biomass is 281 produced in the case with nitrogen recycle. Figure 5 shows steady state results. Figure 5a and 5b 282
show that the amounts of biomass that can be harvested, the carbon capture and nitrogen 283 accumulation rates are higher than in the case without nitrogen recycle (Figure 3) . Figure 5c  284 shows that as the nitrogen recycle increases the system requires more intensive biomass 285 harvesting (i.e. higher cut ratio) in order to enable the ecosystem to be maintained as a heathland. 286 Figure 5d shows that the higher the recycle rate, the higher the nitrogen stock in soil. 287 and Figure 5d show that the heathland features higher nitrogen accumulation rates at 290 low cut fractions. Note that the highest nitrogen stock in soil occurs around the values for which 291 the carbon capture rate, standing biomass and carbon stock are the highest. Thus, if the system is 292 operated considering only the latter three criteria the soil may become saturated with nitrogen, 293 leading to ecosystem instability and significant levels of nitrogen leaching to water and 294 volatilisation to air 4, 5, 10 . Thus, the trade-off between carbon and nitrogen accumulation rates 295 needs to be considered. Figure 6a illustrates this trade-off at various cut fractions in terms of the 296 ratio of carbon capture rate to nitrogen accumulation rate. Analysing the system without nitrogen 297 recycle, the best trade-off is obtained at fcut=0. 4 . At this point the highest mass of carbon is being 298 captured per unit of nitrogen mass accumulated. As shown in Figure 3a , this is at the expense of 299 carbon capture rate being lower than the highest possible but still maintained at relatively high 300 levels. Two major benefits are obtained at fcut=0.4: the ecosystem is maintained at relatively low 301 nitrogen levels (one of the objectives of heathland management) and the biomass provisioning 302 service is at the highest flow rate. This also exemplifies that information derived from analysis of 303 system dynamics can support decision making with a view to establish symbiotic interactions 304 between ecosystem and man-made energy production system. In the cases with nitrogen recycle, 305 Figure 5a shows that the cut fraction corresponding to the best trade-off can change with with the 306 nitrogen recycle rate. The best trade-off is obtained at fcut=0.4 for nitrogen recycles of 10% and 307 50%. For nitrogen recycle of 95%, the best trade-off occurs at fcut=0.5. These cutting fractions 308 are relatively lower than burning management, which typically removes around 70% (i.e. 309 fcut=0.7) of the biomass 20 . The standing biomass (Figures 3b and 5c ) can also be compared with 310 that for mowing at fcut =0.65 (~5 t ha −1 ), burning at fcut =0.7 (~4 t ha −1 ) and sod cutting at fcut=1 311 (~7 t ha −1 ) 7 . 312 
314
From the previous results, the combination of high nitrogen recycle (e.g. 95%) and cut fraction 315 (fcut =0.5) appeared to be favourable for the sustainable production of heathland biomass for 316 bioenergy purposes, assuming all other variables remain unchanged. However, the ecosystem 317 might be less resilient to external and uncontrolled effects from the environment such as a 318 change in the atmospheric nitrogen deposition. Figure 6b shows the effect of nitrogen deposition 319 on the standing heather biomass at steady state for each nitrogen recycle percentage, with the cut 320 fraction fixed at 0.5. It can be observed how at higher nitrogen recycle rates the capability of the 321 system to reach a stable state with heather as dominant species is reduced. At 0% (i.e. no 322 nitrogen recycle) and 10% nitrogen recycle, the system can bear nitrogen deposition of up to 35 323 kg ha −1 , before heather biomass starts a declining trend. This limit is reduced to 20 kg ha −1 when 324 the system recycles 60% or more of the nitrogen content in the harvested soft biomass. Thus, 325 depending on the nitrogen deposition predictions, the level of nitrogen recycle should be set 326 accordingly to maintain the durability of the whole system. 327 3.4. Implications for the functioning of the heathland and bioenergy production system 328 Table 2 shows the evaluation of the functioning of the ecosystem and the bioenergy production 329 system in various aspects, with simulation results based on (1) the cut fractions yielding the best 330 trade-off between carbon capture and nitrogen accumulation in soil, and (2) the corresponding 331 nitrogen recycle percentages. The energy production at steady state increases with nitrogen 332 recycles and cut fraction but at the expense of a lower limit for the nitrogen deposition rate that 333 the heathland is able to balance effectively in order to maintain the ecosystem. Note that 50% 334 and 95% nitrogen recycle achieve similar carbon capture in soil and uncut standing biomass and 335 avoided carbon emissions due to displacement of energy from fossil fuels. It was estimated that 336 between 17 and 25% of the total electricity demand by the Whitehill and Bordon eco-town along 337 with between 5 and 7% of the total heat demand could be satisfied from the management of 1600 338 ha of heathland available. This equates to supplying between 80 and 100% of electricity and 339 between 28 and 42% of heat demand to the new 4000 houses planned for the eco-town 340 redevelopment; displacing the equivalent amount of energy from grid electricity and natural gas 341 shown in Table 2 . 342 Table 2  343 The integrated modelling allowed capturing the mutual impact between the dynamics of the 344 ecosystem processes in a heathland, such as biomass growth and competition and uptake of 345 nitrogen inputs, and the performance of the energy production system. The biomass growth 346 depends on the nitrogen inputs and standing biomass of the vegetation species, and affects the 347 availability of feedstock for heat and electricity production. At the same time, the energy 348 conversion component consisting of anaerobic digestion and combined heat and power allowed 349 
